Prions are infectious, self-propagating amyloid-like protein aggregates of mammals and fungi. We have studied aggregation propensities of a yeast prion domain in cell culture to gain insights into general mechanisms of prion replication in mammalian cells. Here, we report the artificial transmission of a yeast prion across a phylogenetic kingdom. HA epitope-tagged yeast Sup35p prion domain NM was stably expressed in murine neuroblastoma cells. Although cytosolically expressed NM-HA remained soluble, addition of fibrils of bacterially produced Sup35NM to the medium efficiently induced appearance of phenotypically and biochemically distinct NM-HA aggregates that were inherited by daughter cells. Importantly, NM-HA aggregates also were infectious to recipient mammalian cells expressing soluble NM-HA and, to a lesser extent, to yeast. The fact that the yeast Sup35NM domain can propagate as a prion in neuroblastoma cells strongly argues that cellular mechanisms support prion-like inheritance in the mammalian cytosol.
Prions are infectious, self-propagating amyloid-like protein aggregates of mammals and fungi. We have studied aggregation propensities of a yeast prion domain in cell culture to gain insights into general mechanisms of prion replication in mammalian cells. Here, we report the artificial transmission of a yeast prion across a phylogenetic kingdom. HA epitope-tagged yeast Sup35p prion domain NM was stably expressed in murine neuroblastoma cells. Although cytosolically expressed NM-HA remained soluble, addition of fibrils of bacterially produced Sup35NM to the medium efficiently induced appearance of phenotypically and biochemically distinct NM-HA aggregates that were inherited by daughter cells. Importantly, NM-HA aggregates also were infectious to recipient mammalian cells expressing soluble NM-HA and, to a lesser extent, to yeast. The fact that the yeast Sup35NM domain can propagate as a prion in neuroblastoma cells strongly argues that cellular mechanisms support prion-like inheritance in the mammalian cytosol.
PrP ͉ Sup35 P rions are infectious particles composed exclusively or predominantly of proteins. In mammals, prions are the causative agent of transmissible spongiform encephalopathies or prion diseases that are associated with the conversion of the normal host encoded prion protein, PrP C , to its infectious, aggregated prion isoform, PrP Sc (1) . Mammalian prion diseases belong to the group of protein misfolding diseases that are associated with the abnormal aggregation of diverse host proteins into highly ordered, ␤-sheet-rich fibrillar aggregates, the so-called amyloids. A hallmark of prions is the existence of different strains that are associated with characteristic disease phenotypes (2) . Remarkably, prions have also been identified in fungi, where they represent epigenetic elements of inheritance that replicate via a similar mechanism of selfpropagating protein conformation. Prions of eukaryotic microorganisms have been invaluable in elucidating basic concepts of prion biology. In fact, discoveries in yeast prion biology allowed formal demonstration of the protein-only hypothesis originally proposed for mammalian prions. Unlike mammalian prions, however, yeast prions are generally not lethal. The Saccharomyces cerevisiae epigenetic element [PSI ϩ ] is a prion of the translation termination factor subunit Sup35p (3, 4) that arises from conversion of soluble active monomers to an inactive amyloid (5-9), leading to a change in the yeast metabolic phenotype. Translation termination activity is conferred by the carboxyl-terminal domain C, whereas the amino-terminal Sup35NM domain is necessary and sufficient for prion-based inheritance (10) . The N region comprises a prionforming domain (amino acids 1-97), which is defined as the minimal region essential for induction and propagation of the prion state (10) . Acting as a linker between the N and C regions, the highly charged M region increases the solubility of the protein (8) and imparts stability of the prion during mitosis and meiosis (11) . Yeast prion biogenesis is at least a 2-step process of prion induction and maintenance, 2 processes that critically depend on cellular cofactors. During spontaneous prion generation of [PSI ϩ ], the presence of another protein, termed Rnq1, in its prion state [PIN ϩ ] is important; amyloid of Rnq1 presumably acts as a heterologous seed for Sup35p aggregation (12) . Stable maintenance of yeast prions relies on the activity of a variety of molecular chaperones (13) . Deletion of the heat shock protein Hsp104 cures all known naturally occurring yeast prions, strongly emphasizing its crucial role in prion biogenesis (14) . In concert with other heat shock factors, Hsp104 is capable of disaggregating aberrant protein aggregates, and thereby likely generates prion seeds that can be passed on to daughter cells (5, 15) . Hsp104 orthologs have been identified in bacteria, mitochondria, and plants, but surprisingly not in the mammalian cytosol.
We have studied previously the aggregation propensities of the HA epitope-tagged Sup35NM domain (NM-HA) in neuroblastoma cells to gain insights into prion-like phenomena in mammalian cells. Cytosolic yeast Sup35NM remained soluble, arguing that factors necessary for spontaneous Sup35NM aggregation are either absent from the mammalian cytosol or that induction was an undetectably rare event (16) . Interestingly, fibrils formed in vitro from recombinantly produced prion proteins induced the prion phenotype in yeast (17) (18) (19) (20) (21) , prompting us to investigate whether NM aggregation could also be induced in mammalian cells by addition of fibrils. Remarkably, addition of in vitro-generated fibrils of recombinantly produced Sup35NM resulted in endogenous NM-HA aggregation. Aggregate-inducing activity correlated with recombinant NM amyloid fibrils, because incubation of cells with soluble NM failed to induce NM-HA polymerization. NM-HA molecules adopted a heritable prion state and induced NM-HA aggregates in recipient mammalian cells. Moreover, aggregates were also infectious to yeast, albeit to a lesser extent. Of note, they propagated as morphologically distinct variants with different stable biochemical properties in single-cell clones. The results presented here provide proof of principle that mammalian cells can support cytosolic prion propagation and demonstrate a strong clonal effect on aggregate type propagation.
Results

Recombinant NM Fibrils Induce NM-HA Aggregation in Mammalian
Cells. To test if bacterially produced fibrillized NM could induce appearance of NM-HA aggregates in mammalian cells, we constructed N2a cells stably expressing NM-HA by using a lentiviral expression system (N2aNM-HA bulk population) (Fig. 1A) . Recombinant Sup35NM was fibrillized in vitro, and successful fibril formation was confirmed by atomic force microscopy analysis (Fig.  1B) . Sedimentation assays 48 h after fibril exposure demonstrated insoluble NM-HA only in cells exposed to fibrillar NM, whereas no NM-HA was present in the pellet fraction of untreated N2aNM-HA cells (Fig. 1C) . Confocal microscopy analysis 48 h Author contributions: C.K., D.K., T.S., R.B.W., H.M.S., and I.V. designed research; C.K., D.K., and M.H.S. performed research; M.H.S., E.K., A.H., A.P., T.S., and R.B.W. contributed new reagents/analytic tools; C.K., D.K., H.M.S., and I.V. analyzed data; and C.K., D.K., R.B.W., and I.V. wrote the paper.
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after fibril exposure was performed to assess induction of aggregate formation. Stably expressed NM-HA remained soluble in N2aNM-HA cells not exposed to NM fibrils (Fig. 1D) . By contrast, exposure of N2aNM-HA cells to recombinant NM fibrils led to aggregation of endogenous NM-HA in about 50% of the cells ( (14), a chaperone with no known orthologs in the mammalian cytosol. Surprisingly, one passage after exposure to recombinant fibrils, Ϸ40-60% of cells still contained dot-or spindleshaped aggregates, whereas the remainder displayed diffuse cytosolic fluorescence (data not shown). Moreover, a substantial amount of NM-HA was present in the insoluble fraction upon sedimentation, whereas NM-HA that had not been induced to aggregate remained soluble (Fig. 1F) . NM-HA aggregation was still evident 10 passages after induction, indicating that the aggregated NM-HA state was inherited by daughter cells (Fig. 1 F and G) . Hence, aggregation of NM-HA is maintained in mammalian cells in the absence of Hsp104.
Faithful Propagation of Morphologically Distinct NM-HA Aggregate
Phenotypes. In vitro-generated Sup35NM can form multiple fibril types (22, 23) (18) . Interestingly, highresolution imaging of N2a cells exhibiting NM-HA aggregates revealed several phenotypically distinct aggregate types that appeared to be present in N2aNM-HAϩF bulk cells ( Fig. 2A) . Some cells contained several larger spindle-shaped NM-HA aggregates, whereas in other cells small punctate NM-HA aggregates occurred at high frequencies. Cells with similar aggregate types were localized in close proximity, and cells undergoing division appeared to transfer their specific aggregation type to offspring (Fig. 2B) . Subsequent single-cell cloning (Fig. 2C ) revealed that approximately half of the clones tested (n ϭ 20) displayed visible NM-HA aggregates. Clones differed in their ability to support stable aggregate propagation, because some clones represented a mixture of cells with and without aggregates, whereas in other clones almost all progeny cells contained aggregates. For further analysis, 4 clones that maintained aggregates in more than 95% of the progeny cells for more than 30 passages and 2 clones displaying soluble NM-HA were chosen. NM-HA aggregates with distinct phenotypes were present in individual clones ( Fig. 2D and Fig. S3 ), suggesting that the induced phenotype was faithfully propagated by the clonal population. Aggregation was observed also in clones with relatively low NM expression levels (Fig. 2E) , arguing that aggregate induction did not correlate with increased expression of NM-HA. Sedimentation assays confirmed insoluble NM-HA in clones that displayed NM-HA aggregates (Fig. S3 ). In conclusion, individual cell clones appeared to preferentially propagate either one aggregate phenotype or an array of aggregates with a predominant aggregate phenotype.
Phenotypically Different NM-HA Aggregates Exhibit Distinct Biochemical Properties. A characteristic feature of yeast prions is their resistance to SDS treatment (15) . Semidenaturing detergentagarose gel electrophoresis of lysates of N2aNM-HA bulk cells and N2aNM-HAϩF subclones demonstrated the amyloidogenic nature of the NM-HA aggregates (Fig. S4 ) was similar to the amyloidogenic nature of recombinant NM fibrils (24) . Information on distinct NM-HA conformations was provided by studying NM-HA resistance to thermal solubilization in the presence of SDS (18) . Lysates of individual clones were adjusted for comparable protein contents, supplemented with 1% SDS, incubated at increasing temperatures for 15 min, and immediately subjected to SDS/ PAGE. To ensure comparable NM-HA levels for all clones, adjusted sample volumes were loaded (Fig. 3A) . Relative band intensities of SDS-soluble proteins were determined, plotted against temperature, and fitted to a sigmoidal function. The resultant curves of 3 independent experiments (Fig. 3B ) revealed statistically highly significant differences (2-way ANOVA with Bonferroni's multiple-comparison test, P Ͻ 0.0001) between the melting curves of NM-HA aggregates of individual clones. NM-HA aggregates from clone 2E exhibited the lowest melting temperature (T m ϭ 45 Ϯ 3°C), followed by NM-HA aggregates of clone 1C (T m ϭ 55 Ϯ 3°C) and clone 5D (T m ϭ 62 Ϯ 3°C). NM-HA aggregates of clone 3B were most resistant to thermal denaturation (T m ϭ 69 Ϯ 3°C). Melting transitions of NM-HA aggregates of different clones ranged from W ϭ 5 Ϯ 0°C (clone 3B) to W ϭ 15 Ϯ 4°C (clone 2E; clone 1C: W ϭ 9 Ϯ 6°C; clone 5D: W ϭ 11 Ϯ 4°C). Notably, melting temperatures of cell culture-derived NM-HA aggregates were remarkably similar to melting temperatures of weak and strong [PSI ϩ ] strains in yeast (18) . Because curves were generated from cells of continuous passages, passage history appeared to have little effect on the relative stabilities of NM-HA aggregates. Because of the fact that NM-HA aggregates from individual clones exhibit different biochemical properties, it is possible that the distinct NM-HA conformations observed for different cell clones represent diverse NM-HA variants/strains.
NM-HA Aggregates Are
Infectious. An extraordinary property that sets prions apart from other misfolded proteins is their truly infectious nature. To assess whether NM-HA aggregates derived from N2a cells were infectious, single-cell clones with distinct aggregate phenotypes and bulk N2aNM-HA expressing soluble NM-HA were sonicated into PBS, and cell extracts were incubated with recipient N2aNM-HA cells for 24 h (Fig. 4A) . Endogenous NM-HA aggregation was assessed by confocal microscopy 1 week after exposure. When wild-type N2a control cells were incubated with extracts of clone 5D, no NM aggregates could be detected (Fig. 4B Top Left) . This result indicates that at this time point, NM-HA aggregates originating from the extract were no longer detectable. Thus, NM-HA aggregates present 1 week after induction represent endogenous, induced aggregates. Interestingly, visible NM-HA aggregates were apparent in Ϸ5% of N2aNM-HA cells exposed to aggregatecontaining cell extracts, but not in cells exposed to extracts containing soluble NM-HA (Fig. 4B Top Right) . Aggregation of NM-HA also was detected in subsequent passages (data not shown), demonstrating that this was not a transient effect. Of note, infection of N2aNM-HA cells with phenotypically distinct NM-HA aggregates gave rise to NM-HA aggregates of various sizes and shapes similar to N2aNM-HA cells after induction with recombinant fibrils (Fig. 4B , compare 2 characteristic aggregate types upon infection by a given cell extract). Thus, NM-HA aggregates propagate as prions in N2a cells but do not necessarily replicate the phenotypical features of the NM-HA aggregates of the donor cell clone.
Clonal Effects on Phenotypical Aggregate Types. Phenotypically distinct aggregate types of donor cells were not faithfully propagated in the infected recipient N2aNM-HA bulk population. This fact prompted us to investigate the clonal influence of recipient cells on aggregate formation. Therefore, the bulk population of N2aNM-HA cells not exposed to recombinant NM fibrils was cloned (Fig. 5A) , and single-cell clones expressing soluble NM-HA ( Fig. 5C and Fig. S5 ) were subsequently exposed to recombinant NM fibrils. Fibril exposure induced appearance of heritable NM-HA aggregates in all 10 clones tested (Fig. 5B, Fig. S6 , and data not shown). Interestingly, cell clones preferentially displayed one specific aggregate type, suggesting a strong clonal effect on phenotype propagation (Fig. 5B) . Of note, clone 2A and clone 11B propagated 2 phenotypically distinct aggregate types of punctate or fibrillar shape. Again, aggregate induction did not appear to correlate with increased NM-HA expression levels, because even clones with very low expression displayed visible NM-HA aggregates ( Fig. 5 B and C, clone 2G) . Furthermore, the NM-HA expression levels did not correlate per se with a specific aggregate phenotype, because clone 3B with a low expression level and clone 7G with a relatively high expression level of NM-HA contained both fibrillar NM-HA aggregates (compare Figs. 2D and 5B). In conclusion, our results demonstrate a strong clonal effect of recipient cells on aggregate phenotypes. (Fig. 6 ). In both cases the infectivity rate was a factor of 10-100 lower (0.2% and 0.05% Ade ϩ transformants to total transformants, respectively) compared with transformation rates achieved with [PSI ϩ ] yeast extracts (2-5% Ade ϩ transformants to total transformants). Interestingly, emergence of Ade ϩ colonies was delayed for 1-2 weeks compared with the emergence of colonies using yeast [PSI ϩ ] extracts (6-7 days after transformation), indicating that NM-HA 
Discussion
In this study we demonstrate that the yeast Sup35NM domain can replicate as a prion in the cytosol of mammalian cells upon induction with exogenous recombinant NM fibrils. Propagation of the fungus Podospora anserina protein HETs as a prion in yeast has been demonstrated previously (25) . However, inheritance of all known fungal prions requires Hsp104 for efficient propagon formation (14) . Because no Hsp104 orthologs have been identified in the mammalian cytosol thus far, our results argue that NM-HA propagon formation must proceed by an independent mechanism involving alternative cofactors. Cell culture-derived NM-HA prions might have different structures, compared with yeast prions, selected for efficient propagation in the specific mammalian environment, providing a possible explanation for the relatively low infectivity of cell culture-derived NM-HA prions for yeast. Because prion seed generation is dependent on breaking protein aggregates into smaller oligomers, cellular machineries that ensure proper protein folding and degradation, such as molecular chaperones or other cellular pathways for protein degradation, might be involved.
An interesting finding of this study was that cell culturederived, HA-tagged NM aggregates propagated as phenotypical variants that were associated with distinct, epigenetically inherited biochemical characteristics. Recent evidence for yeast prions suggests that conformational variations of the misfolded isoform account for strain differences (18, 19, (26) (27) (28) . Although we cannot absolutely exclude the possibility that NM-HA ex- pression levels modulate propagation of specific aggregate types, one possible explanation for this phenomenon could be that NM-HA aggregates induced by bacterially produced fibrillized NM in individual cell clones represent bona fide prion strains or variants, a hypothesis consistent with the finding that NM-HA aggregate types exhibit different biochemical characteristics. The unexpected finding that infection of N2aNM-HA bulk cells with extracts from cell clones propagating one predominant aggregate type gave rise to a variety of phenotypically distinct aggregate types in recipient cells could then be explained by the conformational selection model, according to which prion strains exist as ensembles of structurally distinct conformers, with a predominant visible variant that is preferentially propagated by the recipient host (29) . Because host factors in both yeast and mammals undoubtedly dramatically influence strain propagation efficiencies (30) (31) (32) (33) (34) (35) (36) (37) (38) , it is possible that differences in the cellular chaperone environment of individual cells account for the preferential replication of a dominant variant. Recent experiments with N2a cells indeed demonstrate selective propagation of individual mammalian prion strains in N2a subclones (39) . Whether phenotypic NM-HA aggregates truly represent prion strains and which host-specific factors influence their propagation remain to be determined.
Amyloids in humans have classically been considered to be detrimental to the host, but increasing evidence suggests that amyloid formation plays an important role in the normal cellular physiology of diverse microorganisms, and even mammals. Several physiologically relevant nonprion amyloids have been identified that exert novel biological functions; for example, the curli protein of Escherichia coli and other bacteria, the hydrophobins of fungi, and human Pmel17 (40) . Even more intriguingly, elegant studies on the filamentous fungus Podospora anserina demonstrate that the prion form of the protein HETs [Het-s] is the biological active form mediating heterokaryon incompatibility (17, 41) . Thus, it is feasible to assume that prion-based inheritance might also be a natural regulatory process in higher eukaryotes for proteins of diverse functions. Still, evidence that prion-like phenomena exist in the mammalian cytosol is missing. Our results show that ectopically expressed Sup35NM can propagate as a prion in neuroblastoma cells and thus provides proof of principle that prion-like inheritance in the mammalian cytosol is possible. Future studies will help to elucidate whether mechanisms of prion propagation and inheritance are also of physiological relevance in mammals.
Methods
The mouse neuroblastoma cell line N2a (ATCC CCL-131) was maintained in Opti-MEM medium (Invitrogen) containing 10% FCS, antibiotics, and glutamine in a 5% CO2 atmosphere. The medium was replaced every 48 h. Sup35NM (amino acids 1-250) fused to a carboxyl-terminal HA tag (NM-HA) was amplified by PCR-based standard techniques using pcDNA3.1/Zeo-NM-HA (16) as a template. Insertion of BamHI and SalI restriction sites allowed cloning of NM-HA into the recombinant lentiviral vector LV-PGK-EGFP, which contained a phosphoglycerate kinase promoter-driven EGFP expression cassette (42) , by replacing the EGFP coding sequence.
The detailed description of materials and methods is provided in SI Materials and Methods.
